We identified climatically stable areas of seasonally dry forests (SDFs) from Central Brazil through time and assessed the effectiveness of the current reserves network in representing these climatically stable areas, as well as areas of high suitability in the present or in the future only. We used an ensemble approach based on several methods for ecological niche modelling (ENMs) to obtain potential distributions 16 SDF' species for past (last glacial maximum), present, and future (end of XXI century) climate scenarios. We then computed how many current Brazilian reserves matched both stable areas (suitable areas for all time periods), present and future geographical ranges alone for each species, in a multi-level gap analysis. We found range shifts due to climate changes for SDF' species. Although the future geographical range and stable areas for all analyzed species matched at least with one reserve, many protected areas will lose importance in protecting suitable areas for species in the future. Moreover, the current Brazilian reserves cover only a small amount of their climatically stable areas. However, some reserves will be suitable for many SDF' species (90%) at the same time, but climatically stable for only half of them. Our findings show that vegetation community from SDFs may persist in Brazilian territories until the end of XXI century, and challenges about long-term conservation of the SDFs may be partially reached with already existing Brazilian reserve network, however the reserves should be connected to permit habitat tracking.
Introduction
Brazil is one of the most diverse countries in the world [1] , with at least 19% of all existing plant species [2] . In contrast, it also has the highest number of threatened species according to the IUCN classification (www. iucnredlist.org), mainly due to habitat loss driven by the fast and uncontrolled agriculture expansion [3] . In order to avoid such a loss, Brazilian Government implemented a National System of Conservation Unities [4] and also 900 priority areas for conservation in the different Biomes-385 areas in Amazonia, 82 in Caatinga, 87 in Cerrado and Pantanal, 164 in the cost and ocean regions and 182 in Atlantic Forest and subtropical grasslands in Southern Brazil [5] . However, because seasonally dry tropical forests (SDFs hereafter) from Central and Northeastern Brazil (mainly in Brazilian "Cerrado", or savannas) are not defined as an independent phytogeographical unity, but as a vegetation physiognomy embedded in other biomes [6] , the conservation of these forests is hardly guaranteed by such policies [7, 8] .
Seasonally dry tropical forests are deciduous and semideciduous forests distributed in regions characterized by mean annual precipitation below 1600 mm and a distinct seasonality in rainfall [9] . They have high plant species diversity and endemism, usually 30 -90 tree species/ha [10] , with high variation among sites (β diversity) [11] . Because of the pronounced seasonality, dry forests usually reduce or stop growing during dry season [10] , thus net primary productivity and basal area are 50% to 75% lower than in rain forests. Also, because the simpler community structure, SDFs can potentially recover faster from disturbance than rain forests, which have a more complex structure [10, 12] .
Originally, ~40% of the tropical and subtropical regions were dominated by forests, out of which ~42% were SDFs [9] . Currently, only ~1,048,700 km 2 of tropical dry forest remains [13, 14] . Most of their remaining areas are in South America (~54.2%), mainly in Northeast and Central Brazil and in Southeast Bolivia, Paraguay and Northern Argentina (Figure 1(a) ), which represents ~22% of the forested area in this Continent [9] . In Brazil, the SDFs are distributed from the Northeast [15, 16] , in Caatinga (Figure 1(a) ), towards the Southwest in Misiones nucleus (encompassing also the northeastern Argentina and eastern Paraguay), and also are scattered throughout other vegetation types such as Amazonia and savannas in Central Brazil [17] , in areas of eutrophic and oligotrophic soils with moderate pH values and low levels of aluminium [18] .
Most remaining areas of SDFs in Brazil are threatened mainly by agricultural expansion, harvesting for wood products and the increase of fire frequency due to agricultural practices [8] . For example, in Central Brazil, in the last 50 years, savanna and dry forests in the Cerrado biome have been rapidly replaced by crops and pasture [19] and only 2.2% of the Cerrado is protected in conservation units (CUs). Using Landsat imagery, Bianchi & Haig [20] estimated that deforestation and fragmentation in the Paranã River Basin, the most significant dry forest remains in the Central Brazil, caused a decrease of ~66.3% in forest extent between 1977 and 2008, with an annual rate of 3.5%. If this rate holds in the next years, SDFs may disappear in ~25 yr in this region [8] .
Added to the direct anthropogenic disturbances, climate changes may cause a strong impact on SDFs biodiversity due to climatically suitable area loss [21, 22] . Because current global warming occur at very high rates, range shift with retraction is more likely due to niche conservatism than adaptation to changing environment, which can increase the extinction rates [23, 24] . Climate change also poses a major challenge to long-term SDFs conservation in the current reserve networks because focal species may shift their range away from current reserves boundaries, tracking for suitable areas [25, 26] . This may result in a different spatial distribution of SDFs in the future. Although there are evidences of SDFs expansion during the glacial periods of the Quaternary [15, 27, 28] , the response of Neotropical vegetation is still poorly understood [9, 22, [28] [29] [30] with idiosyncratic responses among species [30, 31] . Thus, bringing out the climate-induced variation in SDFs distribution through the time is a fundamental first step to evaluate the effectiveness of the current reserve design to preserve species in the future and to anticipate appropriate management actions to avoid biodiversity losses in the near time. In this sense, gap analysis has been used as a tool to assess the effectiveness of protected areas [32] .
Ecological Niche Modelling (ENM) has increasingly been used to predict the effects of climate changes through time on species distribution [33] [34] [35] . Applications of ENMs for conservation purposes are frequently based on mapping the location of climatically suitable areas in the future [25] or investigating the historical distribution of entire vegetation communities (refugia) by modelling the potential distribution of biomes [22, 36] . However, attempts to hindcast or forecast entire biome distribution based on randomly chosen training points in a defined area of the present distribution of the vegetation community of interest [22, 36] may retrieve misleading results due to the mismatch between species distribution and biome boundaries, because the dominant species usually used to define vegetation communities may also occur in other communities [37] .
Additionally, due to changes in climatic suitability over time, historically stable areas in the Quaternary (historical refugia) may not remain suitable in the present or future. Thus, climatic stability over time and shifts in suitable area in the future may have important consequences for conservation planning under climate change scenario. First, species may occupy areas previously unoccupied because of spatial shifts in climatic conditions, changing community composition and interactions among species [38] . Second, priority areas for conservation may be inappropriately settled in unsuitable areas in the future if the conservation planning does not cope with future climate scenarios [25] . In addition, areas of climatic stability over time may be important for long-term conservation because they affect population genetic diversity [27, 39, 40] . In one hand, demographic stability in climatic stable areas may lead to high effective population size and genetic variation [41] decreasing the risk of extinction due to multiple Allee effects [42] . On the other hand, range shifts and retraction may lead to demographical changes in effective population size causing loss of genetic variation, which in turn, may modify gene interactions leading to a reduction in individual fitness and population evolutionary potential, and thus changing species response to environmental conditions [43] . Thus, a more detailed analysis of the spatial shifting and location of climatically stable areas through time are necessary for devise valuable planning for long-term conservation [44] [45] [46] .
Here we used the framework developed by Terribile et al. [47] to identify climatically stable areas of SDFs through time and assessed the effectiveness of the current reserves networks in represent ng these climatically stable i Table S1 for the number of records for each species.
areas. To achieve this, we used an ensemble hindcasting/ forecasting approach for 16 SDF species to evaluate the climatically stable areas, i.e. climatically suitable to the species survival during past, present, and future climate scenarios. We then performed a gap analysis computing how many current Brazilian reserves matched both stable areas and future geographical ranges for each species.
We found that the current Brazilian reserves will be suitable for many SDF's species (90%) at the same time, but climatically stable for only one half.
Material and Methods

Species Analyzed
We selected 16 plant species from different families based on Collevatti et al. [28] Table  S1 for more details). Some of them are widely distributed in SDFs and other Biomes (such as Amazonia) whereas others are restricted to SDFs, but all of them have a relatively high number of occurrences in an online herbarium database (Supporting Information, Table S1 ). Families were assigned according to the APG III [48] , and valid species names were checked in the Lista de Espécies da Flora do Brasil [49] . Occurrence records across the Neotropical region (Figure 1(b) ) were obtained from the Lista de Espécies da Flora do Brasil [49] , Florescer (Flora Integrada da Região Centro-oeste; http://www. florescer.unb.br/), and GBIF (Global Biodiversity Information Facility; http://www.gbif.org/). All records were examined for probable errors and duplicates, and the nomenclature of species was checked for synonymies [50] .
Climate Layers
The environmental space needed for ENMs was characterized by five bioclimatic variables: annual mean temperature, temperature annual range, precipitation of wettest month, precipitation of driest month, and precipitation of warmest quarter [47] and the Supplementary Material for details of collinearity among variables and selection of variables). These variables were calculated for pre-industrial (representing current climate conditions), Last Glacial Maximum (LGM, 21,000 years ago-21 ky BP) and future (2080-2100, 20-year mean; hereafter "end-of-century"-EOC), derived from four coupled Atmosphere-Ocean General Circulation Models (AOGCM): CCSM4, GISS-E2-R, MIROC-ESM and MRI-CGCM3 (Supporting Information, Table S2 ). The four AOGCMs were chosen because the available data have compatible projections for past, current and future climate. Due to the relatively coarse resolution of native AOGCMs outputs, we downscaled the climatic layers to a grid of 0.5˚ spatial resolution covering the entire Neotropics using a standard change-factor approach [51] . Details about AOGCMs, downscaling and variable selection are provided in Terribile et al. [47] .
Ecological Niche Modelling (ENMs)
The ecological niche for each 16 species was first modeled for pre-industrial climatic scenario following the ensemble approach [52] and then projected onto LGM Because species absence data are not available, we randomly selected pseudo-absences through the empty Neotropical grid cells, keeping prevalence equal to 0.25 [54] , to fit the ENM algorithms based on presence-absence observations (i.e. for those that require this type of data). The models were evaluated based on both true skill statistics (TSS, [55] ) and area under the receiver operating characteristic curve (AUC). AUC and TSS values for all models are provided in Supporting Information Table  S4 , and show relatively good fit for all models and species. The procedures for ENM using the ensemble approach in bioensembles have been discussed extensively elsewhere [52] . For each algorithm, models were built using a calibration subset of 75% of the presence cells selected at random and then evaluated with the remaining 25%, repeating this procedure 50 times. The 50 models were then used to generate occurrence maps based on thresholds established by the ROC curve. Finally, species' frequencies of occurrence in each Neotropic grid cell at each period were obtained based on the 50 occurrence maps. Models with poor performance were eliminated from these frequency ensembles based on True Skill Statistics (TSS) (i.e., models with TSS < 0.5 were eliminated) [52] .
This procedure resulted in 832 (16 species × 4 AOGCMs × 13 ENM methods) frequency maps for each time period. To disentangle and map the uncertainties in hindcast/forecast ensembles, we followed the protocol established in Diniz-Filho et al. [52] and improved by Terribile et al. [47] : an ANOVA was performed for each grid cell using frequency of occurrence as response and nesting methodological components within species and time components in different levels. The methodological uncertainties were obtained using a factorial ANOVA design (ENM, AOGCM, and their interaction) nested within species that are also nested within time periods. Thus, the predictive maps combining ENMs and AOGCMs represented replicates within species and time and expressed the uncertainty about species geographical ranges in each time period. Similarly, the variance across species maps expressed the uncertainty in their distributional ranges within a given time.
Long-Term Stability and Gap Analysis
To establish areas of long-term climatic stability (i.e. suitable areas for SDF species throughout time) we converted the consensus maps (i.e., frequency of occurrence of each species from the ensemble of ENMs and AOGCMs) in occurrence maps using a frequency threshold of 0.5. A cell was then considered climatically stable if a given species was predicted to occur in that cell during the three time periods (i.e., present, LGM and EOC). Therefore, the proportion of species in each grid cell that are present in the three periods expresses its relative stability for SDFs [47] .
Finally, we assessed the effectiveness of Brazilian Protected areas for conservation of SDF species. We computed the proportion of the total suitability of each species that is represented by current Brazilian protected areas, obtained from the The World Database on Protected Areas (available at: http://www.protectedplanet. net/search) match both stable areas and future geographical ranges for each species. We considered all categories of protected areas, including particular ones and indigenous lands.
Results
The modeled distribution of Brazilian SDFs in presentday matched the boundaries of the Cerrado Biome in Central Brazil (including the Paranã river Basin), the dry forests along the Paraguay-Paraná system rivers (the "Misiones Nucleus") and partially the Caatinga biome, indicating that the set of species used to model SDFs is representative of this phytogeographical unit (Figure 2) . The occurrence of SDFs in the LGM (Figure 2(a) ) was similar to the actual pattern (Figure 2(b) ), with areas of high suitability southwestward of Brazil, but with a slight retraction on the Northeastern, Eastern and Southeastern edges, and expansion toward the Amazonian Basin. During EOC (Figure 2(c) ), however, SDFs are expected to undergo important changes and reduction in area, with displacement southeastward and loss of suitability in the Caatinga and in large areas of Cerrado biome in the Central Brazil.
Common climatically stable areas taking into account the three time periods (i.e., refugia areas of SDFs) are located in the Central Brazil, matching the core area of Cerrado biome and the Misiones Nucleus (Figure 3(a) ). These areas are slightly different from areas of high suitability for all species during EOC alone (Figure 3(b) ). The latter are wider, displaced southeastward, and contain a higher proportion of species than stable areas. The Brazilian reserves overlap, in average, only about 10 to 50% of the climatically stable areas of each species, and most species are predicted to lose protected areas in the future (Figure 4) . Taking into account the suitable areas only in the future scenario, some Brazilian reserves are predicted to be suitable for more than 90% of SDF' species at the same time. However, this representation decreases to 60% of species considering the climatically stable areas (Figure 5 ; see also Supporting Information Figure S1 ).
Discussion
Our findings show large effects of climate changes on geographical ranges and shift of SDF' species. Although the future geographical range and stable areas for all analyzed species match at least with one reserve, most pecies will be lost from protected areas in the future. s Because niche conservatism and rapid climate change rates, the species often track suitable habitats during short time rather than evolve and adapt to new environmental conditions (see the "Habitat Tracking" hypothesis [24, 56, 57] ). This assumes, of course, unlimited dispersal ability, which is still a missing important component in ENM analyses of species responses to climate changes. Consequently, the geographical range shift can potentially drive species outside the reserves [25, 26] . Our results show that this may happen in Brazilian SDF species. Thus, global warming undoubtedly challenge the conservation planning and management actions to preserve SDF species on long-term in Brazilian territory, considering the current reserves network under future climate scenarios. However, our findings also show that vegetation community from SDFs may persist in current Brazilian reserves until EOC. More than 90% species are predicted to occur in at least one unique reserve in the future, whilst their climatically stable areas are poorly represented. Stable areas throughout time, like proposed by Terribile et al. [47] and mapped here, are of interest for conservation because species do not need to disperse to track suitable habitats [45] . At the contrary, if suitable areas shift spatially through time as response to climate changes, the species necessarily either disperse to maintain viable populations or become highly prone to extinction because of demographic and genetic stochasticity [58] . Despite the high rate of plant migration reported for past climate changes [59, 60] , it is possible that the species will be unable to track the current climate change due to the fast changing and the high habitat fragmentation [61, 62] . Thus an extinction scenario seems to be more likely for SDFs. A low number of SDF' species would survive into the Brazilian reserves in the absence of dispersal because a small amount of their stable areas overlap with already existent reserves network.
It is important to highlight that we identified the areas most suitable for SDF species, based solely on climate. However, habitat destruction promoted by agriculture is the main current threat to biodiversity in general and to SDF in particular. The most suitable areas for SDFs in the future, in the Southeastern Brazil, are in the most disturbed Brazilian regions at the current time, with highly fragmented and degraded habitats due to human occupation. This may hold back population migration and persistence, especially with the land use changes forecasted to happen until the end of the century [3] . Moreover, studies on genetic diversity of Cerrado tree species have been showing an important effect of human footprint and climate changes in reducing the genetic variability on populations from the Southeastern Brazil [63] [64] [65] .
Thus, given the limited ability of some species for natural dispersal, and disconnected habitats due to fragmentation, it would be necessary to conserve "in situ" these local populations in the southeastern region of Brazil. Otherwise, a cost effective environmental restoration program should be carried out urgently to guarantee effective species dispersal, tracking future suitable habitats. Further, assisted migration, although more expensive, may also be a good strategy for recovering these natural local populations that are now threatened by human disturbance.
In conclusion, our results show thus that the major challenges to maintain SDFs on long-term, and improve the efficiency of current network of Brazilian reserves are mainly linked to future dispersal conditions and species accessibility to suitable protected areas.
Acknowledgements
Our research program integrating Macroecology and Molecular Ecology has been continuously supported by grants to the research network GENPAC (Geographical Genetics and Regional Planning for natural resources in Brazilian Cerrado) supported by CNPq/MCT/FAPEG (projects no. 564717/2010-0, 563727/2010-1 and 563624/ 2010-8), which we gratefully acknowledge. We thank Thiago F. Rangel for providing access to computational platform BIOENSEMBLES, which was essential to our analyses encompassing the ecological niche modeling. We also acknowledge the World Climate Research Programmer's Working Group on Coupled Modeling, which is responsible for CMIP5, and we thank the climate modeling groups (listed in Supporting Information Table S2 of this paper) for producing and making available their model outputs.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Proportion of species by Conservation Unity (a) and cumulative proportion (b), taking into account the suitable areas in the future alone (dashed line) and the suitable areas in the three time periods-past, present and future (i.e., stable areas; solid line).
